Genome evolution rates can vary considerably among plants. In particular, a correlation has often been reported between the evolution rate and annual/perennial habit, possibly associated with differences in generation time. For example, among the rosid species whose genome is fully sequenced, Vitis vinifera, a perennial species, was shown to have the genome that evolved the slowest. In order to extend knowledge of evolution rates to the asterid clade, one of the two major clades of core eudicotyledonous, the protein evolution rates in three asterid species, one perennial (Coffea canephora) and two annual species (Solanum lycopersicum and Mimulus guttatus), were investigated and compared with V. vinifera. Significant differences were observed among these species, and the proteins that evolved the most slowly were those of V. vinifera. Among the species belonging to the asterid clade, C. canephora appears to have evolved more slowly than the others. These findings are consistent with a correlation between perennial habit and slow evolution rates. The C. canephora genome seems to be an appropriate model for paleogenomic studies of asterids.
There is increasing evidence to show that plant genomes evolved at different rates. In particular, convergent observations suggest that the perennial/annual habit of plant species is correlated with the molecular evolution rate. Comparative analyses of a limited number of loci in close taxonomic groups with an annual versus perennial habit have shown that annual species evolved at higher rates than perennials (Gaut et al. 1996; Ainouche and Bayer 1999; Andreasen and Baldwin 2001; Smith and Donoghue 2008; Soria-Hernanz et al. 2008; Korall et al. 2010) . In addition, when comparisons were made of large numbers of genes at a genome wide scale, a correlation between perennial habit and slow evolution was still observed in more divergent species (Yue et al. 2010) . Among rosid species whose genome sequence is available, Vitis vinifera, a perennial species, was shown to have the genome sequence that evolved the slowest (Cenci et al. 2010; Yue et al. 2010) .
Different hypothesis have been proposed to explain why perennial plant species have slower evolution rates than annuals. Generation time (the time to reach sexual maturity) was shown to influence the rates of nucleotide substitutions in animals as the reduced number of replication of germline cells per generation is assumed to reduce the number of mutations during DNA duplication between successive generations (Li et al. 1996; Wu and Li 1985) . However, plants do not have distinct germ and somatic cell lines, and mutations arising from both somatic and germ cell replications can be passed on to the following generation (Korall et al. 2010) . Consequently, the number of cell replications per year is expected to be less influenced by generation time. On the other hand, perennial species have slower metabolic rates and fewer recombination events, which could reduce their mutation rate (Yue et al. 2010) . Korall et al. (2010) also suggested that the relatively short gametophyte phase of perennials may reduce the accumulation of mutations within a given period.
In addition to the hypothesis based on variations in mutation frequency, Yue et al. (2010) highlighted the influence of the fate of mutations on the evolution rate. The effective population size (N e ) plays an important role as it influences the fixation of nonneutral mutations (Crow and Kimura 1970) . Consequently, all factors that increase N e are expected to reduce the fixation of slightly deleterious mutations. For example, the same authors observed that perennial species are more often outcrossing than annuals, which increases their N e . Finally, Yue et al. (2010) also suggested that the slower speciation rate of perennials (Levin and Wilson 1976) could also reduce their evolution rates.
In order to extend knowledge of evolution rates to the asterid clade, in this study, we investigated the protein evolution rates of 2 perennial species (Coffea canephora and V. vinifera), which belong to the 2 major clades of core eudicotyledonous (asterids and rosids, respectively) and in 3 asterid species (C. canephora, Solanum lycopersicum, and Mimulus guttatus, the latter having the shortest life cycle) belonging to the euasterids I (syn. lamiids) clade. The results showed that Coffea proteins evolved faster than Vv proteins but not as fast as the genes of the other 2 asterids analyzed and are consistent with a correlation between perennial habit and slow evolution rates. Thanks to its relatively slow rate of evolution, the Coffea genome appeared as an appropriate model for paleogenomic studies of asterids.
Materials and Methods

Genes Sampled
Three Coffea regions for which sequence data are available were used in this study: region S H 3 (hereafter, region A, 800 kb; sequences GU123895-899, HQ696507-513, JX227991, and JX227993; Cenci et al. 2010 Cenci et al. , 2012 , region ETR (region B, 160 kb; sequence EU164537; Guyot et al. 2009 ), and the self-incompatibility (SI) region (region C, 214 kb; sequences JX227989, JX227990, and JX227992). Those sequences were generated from either C. canephora or Coffea arabica. Whereas C. canephora is a diploid species (2n = 2x = 22), C. arabica is a recent allotetraploid (2n = 4x = 44) involving 2 subgenomes that originated from 2 different diploid progenitors, C. canephora and Coffea eugenioides (Lashermes et al. 1999) . Only the sequences belonging to the C. canephora genome (from either the diploid species or its derived subgenome in C. arabica) were annotated and further considered. As the sequences of both the Coffea species are very similar (Cenci et al. 2012) , we assumed that the low sequence polymorphism did not influence comparisons with other more distant species.
A search was made for collinear orthologous regions in genome sequences of Aquilegia caerulea (Ac; genome version JGI v1.1; http://www.phytozome.net/aquilegia), S. lycopersicum (Sl; version SL2.40, http://solgenomics.net/organism/ Solanum_lycopersicum/genome; Sato et al. 2012) , M. guttatus (Mg; genome version JGI IM62 v1.1; http://www. phytozome.net/mimulus), and V. vinifera (Vv; 12× primary assembly; Jaillon et al. 2007 ). Amino acid translations of Coffea annotated genes in regions A, B, and C were used to search the most similar coding regions in these genomes with tBLASTn. Regions with at least 5 collinear genes and 30% of the Cc genes were considered to be orthologous loci. These thresholds were chosen to minimize the risk of inclusion in the analysis of genes belonging to regions whose duplication coincides with the γ-whole genome duplication (WGD) shared by all the euasterids (Cenci et al. 2010; Jiao et al. 2012) .
Known phylogenetic relationships of the species analyzed are detailed in Figure 1 . Annotations of the different species were reconsidered in the light of intergenomic comparisons. Coding sequences used in this study are provided in Supplementary Material online. Coding sequences of all species were translated into protein for the analyses.
Comparison of Proteins
Amino acid sequences of Coffea (Cc) were compared with Vv sequences using Ac as an out-group. Similarly, Cc, Sl, and Mg sequences were compared between themselves using Vv as an out-group.
Two tests were performed. In the first test, the set of orthologous genes of the couple of lineages were compared for their BLASTp score with the out-group species. In the second test, protein alignments among the out-group and 2 lineages compared were obtained with CLUSTALW (Thompson et al. 1994) , cleaned by Gblocks (version 9.91, default parameter; Castresana 2000) in order to eliminate poorly aligned regions; protein distances were calculated with the ProtDist (version 3.5) module included in BioEdit program (Hall 1999) . The Dayhoff PAM matrix model (Dayhoff 1979 ) was used to calculate distance.
Under the hypothesis that the protein evolution rate was the same in the lineages compared, similar BLASTp score and protein distances are expected for any of the species compared and differences between scores or distances are expected to not show any significant deviation in a sign test (null hypothesis). Conversely, if the protein evolution rate of the compared lineages differs, the sequences derived from the slower evolving lineage are expected to have higher BLASTp scores and lower protein distances than the lineage that evolved faster, and significant deviations could be detected in a sign test. In the case of duplication of orthologous genes in 1 of the species compared, the highest BLASTp score or the shortest distance were used in the test. In the case of gene duplication in the out-group species, the sign of the difference of each copy was weighted. To estimate relative differences in evolution rates, the protein alignments used in the second test (1 out-group [Og] and 2 species were compared [S1 and S2]) were concatenated and global distances were calculated among proteins: d(Og,S1), d (Og, S2) , and d(S1,S2). In the case of duplication of orthologous genes in 1 of the species compared, only the alignment with the shortest distance was concatenated. In the case of duplication in the out-group species, when genes showed inconsistent distances (i.e., one Og copy closer to S1 and the other closer to S2), the distances were weighted in the calculation of global distance. The sizes of the branches of the phylogenetic tree were calculated based on protein distances.
Results
Orthologous Loci
Collinear regions were found for all the 3 Cc regions in the Ac, Sl, and Vv genome sequences, whereas no collinear regions were found for region C in the Mg genome (Table 1) . All 3 regions appeared to be duplicated in Ac (Scaffold_34 + Scaffold_49 being superposed on Scaffold 17 for region A), whereas only region C appeared to be duplicated in Sl. Additional potentially orthologous regions were found in Sl and Mg, but as the number of genes was below the 30% threshold, genes located in these regions were not taken into account. In fact, duplicated regions sharing a lower gene number are expected because of the genome triplication (γ) ancestral to all core eudicots.
BLASTp Analysis
The first test was performed using Ac protein sequences as queries in a database containing Cc and Vv proteins. Out of 78 proteins sampled, the most of differences between Cc and Vv BLASTp scores resulted in negatives, that is, Ac sequences were more often more similar to Vv than Cc. The results of the sign test were highly significant (P < 1.8e −13 ). When each of the 3 regions analyzed was considered independently, the sign test remained significant (P < 0.001; Table 2 ).
BLASTp analyses using Vv as out-group were performed to compare Cc, Sl, and Mg. Considering the 3 regions together, Cc had a significantly higher score than Sl and Mg (comparison of 68 and 40 proteins, respectively) and Sl had a significantly higher score than Mg (32 proteins). When the 3 regions were considered separately, the result of the sign test was only significant for region A, which contained most of the genes, and for region B in the Cc/Sl comparison ( Table 2) .
ProtDist Analysis
Distances between proteins (between both compared species and the out-group) were calculated on ClustalW alignments after the removal of poorly aligned regions (Gblocks). The sign test performed on differences between distances indicated a significantly greater distance between Ac and Cc than between Ac and Vv, whether the regions were considered independently or together (Table 2) . When Vv was used as out-group to compare its distance from Cc, Sl, and Mg, the results of the sign tests were similar to those of the BLASTp test, the sign test only being significant for region A and for the 3 regions taken together (Table 2) .
Protein Distances
To estimate the relative divergence among proteins coded by orthologous genes in different species, protein distances were calculated on concatenated amino acid sequences of available genes. Branch distances were estimated as illustrated in Figure 2 .
Comparison between Cc and Vv showed that, after the separation of its lineages (coinciding with the separation between asterids and rosids), Cc sampled proteins diverged from Ac 47.5% faster than Vv ones (Table 3) .
Using Vv as out-group, sampled proteins in asterid species appeared to have diverged at different rates: Mg > Sl > Cc. In particular, Mg and Sl diverged, respectively, 30.8% and 22.3% faster than Cc, and Mg diverged 7% faster than Sl (Table 3) .
Discussion
Plant genomes evolved at different rates. Convergent observations have pointed out slower evolution rates in perennial than in annual species (Gaut et al. 1996; Ainouche and Bayer 1999; Smith and Donoghue 2008; Korall et al. 2010; Yue et al. 2010 ). These conclusions were based on the comparison of nucleotide sequence divergences among different annual versus perennial species. However, sequence divergence between 2 species is the resultant (integral) of the independent evolution rates of each species. Their present habit cannot be generalized to the whole divergence time. In other words, the influence of a perennial/annual habit on sequence divergence applies only after the species changed habit.
In this study, we analyzed the evolution rate of sets of orthologous genes (between 31 and 79 genes depending on the compared species). Even if selective pressure influencing evolution rate can vary between genes, for a given gene, it is expected to be comparable in the different species. Exceptions to this hypothesis are possible, but the analysis of several genes should compensate the effects of these exceptions. Observed divergences of protein sequence from the out-group (i.e., A. caerulea) were very different for Coffea and Vitis, which share a perennial habit and did not undergo WGD after separation of their lineages (Jaillon et al. 2007; Cenci et al. 2010) . Because the divergences from the outgroup could have differed only after the separation of Vv and Cc lineages (Figure 2 ) and the time from the separation of Vv and Cc lineages to the present was the same, it was concluded that Vitis proteins evolved at a significantly lower average rate than Coffea. These results are based on the analysis of genes distributed in 3 different regions of the species compared here. Since the results observed among them were consistent, it can be assumed that the 3 regions represent the evolutionary trend of whole proteomes.
Under the hypothesis that the most recent common ancestor of asterids and rosids was a herbaceous plant, the Coffea lineage became probably ligneous only after separating from Solanum and Mimulus lineages (all the 3 species belonging to the euasterids I clade). In the rosids phylogeny, the Vitis lineage is isolated, and Vitaceae represent an early diverging clade within rosids (Jansen et al. 2006 ). An early switch of the Vitis lineage toward a perennial habit could explain the observed lower divergence than Coffea from the most recent common ancestor. Alternatively (or in addition), the protein evolution rate of the Vv lineage could be merely lower than that of the Cc lineage for other reasons associated with the different biological factors that distinguish Vv and Cc. Based on the number of genes retained in orthologous regions, and nucleotide and protein sequence divergence, the Vitis genome was already shown to evolve significantly more slowly than other rosid species (Cenci et al. 2010; Yue et al. 2010) . Differences in evolution rate can be estimated with the help of nucleotide or amino acid substitution models. Table 3 ProtDist distances based on concatenated alignments of protein samples and ratios between branch sizes of S1 and S2 species (see Figure 2) Og-S1-S2
Number of genes (amino acids) However, it is likely that these differences also involve other kinds of mutations including indels and chromosome rearrangements. Using the Coffea sequence as an out-group, Cenci et al. (2010) observed a correlation between protein divergence and loss of orthologous genes in collinear regions in V. vinifera, Populus trichocarpa, and Arabidopsis thaliana. Due to its slow rate of evolution, among the current available sequenced genomes, the Vitis genome is expected to have the genome closest to the most recent common ancestor of rosids and asterids and consequently appears to be the best model for paleogenomic studies of core eudicots. Among the 3 asterid species analyzed using Vv as an outgroup, Coffea proteins appeared to have diverged more slowly than 2 other euasterid I species analyzed here, that is, Sl and Mg, and Sl slightly slower than Mg. These results are based on a smaller sample of orthologous genes than the comparison between Coffea and Vitis (especially for the comparisons involving Mg, for which no orthologous region was identified for region C), and the sample was mainly based on genes in region A. However, under the hypothesis that, as observed for the AcCcVv comparison, the asterid species analyzed in 3 regions evolved in a similar way, these results can be considered to be a valid indication of their respective protein evolution rates. The observed differences in protein sequence divergence could be related to the divergent habit in the lineage of Coffea (perennial brush) compared with the herbaceous and mainly annual ones in M. guttatus and S. lycopersicum. Under the hypothesis that the protein divergence reflects the genome evolution rate, due to its relatively slow rate of evolution, the Coffea genome (currently being sequenced) could be an appropriate model for paleogenomics of asterids and, together with the Vv genome, used to infer the genome organization of the more recent common ancestor of core eudicots.
The variability of evolution rates among different plant species should no longer be underestimated. The very slow evolution rate of Vitis could explain the different conclusions of the history of WGDs in the V. vinifera lineage. Based on analysis of the whole genome sequence, Jaillon et al. (2007) excluded the possibility of any WGD specific to the genome, in addition to the triplication shared with all rosids. In contrast, based on the analysis of sequence divergence between duplicated genes, Velasco et al. (2007) inferred a Vitis-specific WGD after the radiation of rosids. These inconsistent results could be resolved by considering that the slow evolution rate of the Vitis lineage led to underestimation of the divergence times among duplicated genes remaining after the γ-triplication event.
High levels of gene microcollinearity between Coffea and Vv have already been shown for the ETR and S H 3 regions (Guyot et al. 2009; Cenci et al. 2010) . Similarly, the analysis of the Coffea SI region showed high microcollinearity with a region on chromosome 13 in Vv. Collinearity analysis between Coffea regions and the other species analyzed (Ac, Sl, and Mg) provided a less clear picture, with a variable number of duplications. In addition to the genome triplication common to the ancestors of all core eudicots, another whole genome triplication was detected in the Sl genome, which took place after the divergence between rosids and asterids (Sato et al. 2012) . Since the Coffea genome did not undergo any WGD after the rosid/asterid divergence (Cenci et al. 2010) , one can assume that the Sl genome triplication took place after the radiation of eusterids I. However, after this event a consistent fraction of triplicated regions appears to be lost (Sato et al. 2012) . Collinearity analysis detected 2 regions for region C in Sl (on chromosome 4 and 5) and 3 regions for the region A: chromosome 9 containing 57 collinear genes and 2 additional regions on chromosomes 3 and 6 containing 16 and 18 collinear genes, respectively (data not shown). Since the 2 last regions contained less than 30% of the Coffea genes in region A, their genes were not included in the analysis. It is possible that these 2 regions derived from the Solanum triplication had lost much more genes than the region on chromosome 9. If this is true, their genes should have been included in the analysis, hence increasing the number of duplicated genes in Sl. In this case, since some of the analyzed genes in Sl could have a less divergent copy in these regions, the distances involving Sl could be slightly overestimated. On the other hand, the origin of these collinear regions could have been the γ triplication in which case, it was right to have eliminated it from the analysis.
Conclusions
The aim of this study was to compare the evolution rate of Coffea proteins with other species through sequence analysis of proteins coded by orthologous genes. The results presented here clearly show that Coffea proteins evolved faster than Vv proteins but not as fast as the genes of the other 2 asterids analyzed. These findings are consistent with a correlation between perennial habit and slow evolution rates.
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